Foamy viruses (FVs) are nonpathogenic retroviruses infecting many species of mammals, notably primates, cattle, and cats. We have examined whether members of the apolipoprotein B-editing catalytic polypeptide-like subunit (APOBEC) family of antiviral cytidine deaminases restrict replication of simian FV. We show that human APOBEC3G is a potent inhibitor of FV infectivity in cell culture experiments. This antiviral activity is associated with cytidine editing of the viral genome. Both molecular FV clones and primary uncloned viruses were susceptible to APOBEC3G, and viral infectivity was also inhibited by murine and simian APOBEC3G homologues, as well as by human APOBEC3F. Wild-type and bet-deleted viruses were similarly sensitive to this antiviral activity, suggesting that Bet does not significantly counteract APOBEC proteins. Moreover, we did not detect FV sequences that may have been targeted by APOBEC in naturally infected macaques, but we observed a few G-to-A substitutions in humans that have been accidentally contaminated by simian FV. In infected hosts, the persistence strategy employed by FV might be based on low levels of replication, as well as avoidance of cells expressing large amounts of active cytidine deaminases.
Foamy viruses (FVs) are nonpathogenic retroviruses infecting many species of mammals, notably primates, cattle, and cats. We have examined whether members of the apolipoprotein B-editing catalytic polypeptide-like subunit (APOBEC) family of antiviral cytidine deaminases restrict replication of simian FV. We show that human APOBEC3G is a potent inhibitor of FV infectivity in cell culture experiments. This antiviral activity is associated with cytidine editing of the viral genome. Both molecular FV clones and primary uncloned viruses were susceptible to APOBEC3G, and viral infectivity was also inhibited by murine and simian APOBEC3G homologues, as well as by human APOBEC3F. Wild-type and bet-deleted viruses were similarly sensitive to this antiviral activity, suggesting that Bet does not significantly counteract APOBEC proteins. Moreover, we did not detect FV sequences that may have been targeted by APOBEC in naturally infected macaques, but we observed a few G-to-A substitutions in humans that have been accidentally contaminated by simian FV. In infected hosts, the persistence strategy employed by FV might be based on low levels of replication, as well as avoidance of cells expressing large amounts of active cytidine deaminases.
Foamy viruses (FVs) or spumaretroviruses represent a large family of retroviruses that have been isolated in various mammals (for recent reviews, see references 11, 15, and 35). They are highly prevalent in nonhuman primates, and at least 11 different simian FV (SFV) viral subtypes have been described in monkey species (7, 15, 44) . FVs are particularly well adapted to their natural hosts. SFVs may have cospeciated with Old World primates for Ͼ30 million years, making them the oldest known vertebrate RNA viruses (63) . These viruses are innocuous in naturally or experimentally infected animals, in which they induce persistent, lifelong infections (35) . SFVs are readily transmitted via saliva, and seroprevalence exceeds rates of 70% in some species (7, 15, 44) . Several cases of simian-tohuman transmissions have been reported, generally after bites or scratches (8, 22, 23, 69) . Up to 2% of humans in contact with monkeys harbor anti-SFV antibodies or are positive by PCR analysis (22) . As for monkeys, human infection is so far considered to be nonpathogenic. Moreover, there is no evidence for secondary transmission, suggesting that humans are deadend hosts for these retroviruses.
In cell culture, FVs generally provoke characteristic foamlike cytopathic effects (CPEs) and large syncytia and display a wide tropism (24, 35) . FVs establish persistent productive infection in human hematopoietic cell lines, as well as acute infection in primary human lymphocytes (43, 51, 75) . The CPE varies according to the cell type. For instance, killing of infected cells was observed with primary CD4 lymphocytes but not with CD8 cells (43) . In infected monkeys and humans, various hematopoietic cell types harbor viral sequences. It was initially reported that CD8 ϩ T cells may represent a viral reservoir in monkeys (African green monkeys [AGM] and chimpanzees) and in some humans (66) . This tropism for CD8 ϩ cells was not observed in another study of a patient infected by AGM FV, which detected FV in monocytes and B cells and not in CD8 lymphocytes (8) . The primary viral reservoir is thus not well characterized in vivo.
The replication strategy of FVs differs in some aspects from that of other retroviruses, presenting similarities with the life cycle of pararetrovirus (i.e., hepatitis B virus [HBV]), as well as of endogenous retroviruses (11, 36, 48, 73) . For instance, reverse transcription occurs to a large extent in the producer cell, leading to the presence of double-stranded viral DNA in the extracellular virion (12, 48, 73) . Other properties include the formation of a specific pol mRNA, the budding of virions into the endoplasmic reticulum rather at the cell surface, and the presence of an internal promoter, which drives the synthesis of the early regulatory proteins Bel1 (or Tas) and Bet. Tas is a nuclear transactivator essential for viral replication, which also acts as a suppressor of cellular antiviral microRNA (29) . Bet plays an important role in the establishment and control of viral persistence in vitro and in vivo (8, 50) . In chronically infected cells, a spliced Tas-defective viral genome may negatively interfere with the replication of parental virus, probably by the production of Bet (4, 50) . Although Bet and an Env-Bet fusion protein are secreted by infected cells and can be taken up by neighboring cells, the role of this phenomenon is not fully understood (16, 30, 34) . Besides infecting novel naive cells, FVs share with endogenous retroviruses the ability to retrotranspose within the producer cell (20, 21) . Retrotrans-position is a copy-and-paste process leading to the integration in the host cell genome of cDNA which had been reverse transcribed intracellularly (5) . The physiological relevance of this "replicative shortcut" remains to be characterized (20) .
Human immunodeficiency virus (HIV), HBV, and some endogenous retroviruses are restricted by members of the apolipoprotein B-editing catalytic polypeptide-like subunit (APOBEC) cytidine deaminase family (13, 14, 26, 39, 54, 58, 60, 65, 67) . APOBEC3G and APOBEC3F are cytoplasmic proteins that are incorporated into HIV virions and which deaminate cytosine residues to uracil (C to U) in nascent DNA. Most of the uracil-containing viral DNAs are then degraded, likely by cellular enzymes, prior to integration. Some molecules escape degradation, and the resulting proviruses contain numerous guanosine-to-adenosine (G-to-A) substitutions in the plus strand (18, 31, 39, 41, 58, 62) . Human APOBEC3G and APOBEC3F, as well as rat APOBEC1, can also induce C-to-T mutations in the HIV genome, albeit at a low frequency (2, 3, 17, 68, 72, 77) . Furthermore, editing-independent anti-HIV effects of APOBEC3G have recently been demonstrated, indicating that multiple mechanisms mediate the restriction activity of this family of proteins (9, 45) . Interestingly, the HIV Vif protein neutralizes the APOBEC3G-mediated antiviral effect by promoting proteasomal degradation of the enzyme (10, 42, 59, 76) .
We have examined here whether APOBEC family members restrict replication of FV. We show that human APOBEC3G is a potent inhibitor of FV infectivity and induces a G-to-A editing of the viral genome. Very recently, two reports indicated that FV Bet proteins inhibit the antiviral activity of APOBEC3 (37, 49) . Löchelt et al. observed that Bet-deficient and not wild-type (WT) feline FVs were susceptible to feline APOBEC3 editing. APOBEC was present in Bet-deficient and not in WT FV particles, and edited viral genomes were detected in released virions, indicating that cytidine deamination occurred in producing cells (37) . Russell et al. reported that several APOBEC3 proteins inhibit the infectivity of a simian FV-based viral vector, with a partial rescue of infectivity when Bet was overexpressed (49) . However, we show here that Bet does not efficiently counteract APOBEC activity against FV or HIV, suggesting that this regulatory protein is not a functional analogue of Vif. We also report that besides human APOBEC3G, human APOBEC3F and murine and simian APOBEC3G homologues restrict FV replication in cell culture experiments. In addition, by using a sensitive PCR method capable of selectively amplifying G-to-A hypermutated genomes (61), we did not detect any FV sequences that have been targeted by APOBEC3 in infected macaques. We analyzed peripheral blood mononuclear cells (PBMCs) from humans contaminated by simian FVs and observed a few G-to-A substitutions in viral genomes. Collectively, these results indicate that FVs are efficiently restricted by APOBEC cytidine deaminase, likely impacting the life style of this peculiar class of retroviruses in their animal and human hosts. (27) . The following APOBEC expression plasmids were used: hA3G (carrying a V5 tag), was a gift from Allan Hance (31); hA1, hA2, hA3B, hA3C, hA3F, and Agm3G were obtained through the NIH AIDS Research and Reference Reagent Program (41, 77) ; and mA1, mA2, mA3 were a gift from N. Landau (41) . Chimpanzee APOBEC3G (CpzA3G) was obtained from the cDNA of Pan troglodytes PBMCs and cloned with a C-terminal V5 tag in pCDNA6 plasmid. The GenBank accession number for CpzA3G is DQ185513. As expected (41), CpzA3G restricted ⌬vif and not WT HIV (not shown). The cytomegalovirus (CMV)-Bet expression vector has been previously described (30) . The following plasmids encoding for infectious FV clones were used: FV clone 13 (WT FV, containing an heterologous CMV promoter) (38) , ⌬bet (an isogenic provirus carrying a frameshift mutation in the bet open reading frame leading to a C-terminal-truncated Bet protein) (50) , and pHSRV2 (a FV provirus, containing its natural LTR promoter (38) . WT HIV and ⌬vif proviruses (from the NL4-3 HIV-1 strain) were a kind gift of Allan Hance (31) .
MATERIALS AND METHODS

Cells
Virus production and infection. FVs produced from plasmids were obtained by transfection of 293T cells. When stated, APOBEC expression plasmids were cotransfected at the indicated FV:APOBEC plasmid ratio. After overnight incubation, fresh medium was added. Media and cells were harvested 2 days later, frozen and thawed three times, clarified by a 10-min centrifugation at 6,000 rpm at 4°C, and filtered through a 0.45-m-pore-size filter. Similar amounts of viruses, as judged by Western blot analysis with anti-Gag FV antibodies, were used to infect indicator FAB cells (74) . Measurement of ␤-Gal activity was carried out 48 h later. HeLa and HeLa-hA3G cells were infected with two viral strains (T1FV and T2FV) isolated from two naturally infected macaques. High and low levels of inoculum were used for infections, corresponding, respectively, to pure and 1:5 dilutions of the viral preparations. Cells were then grown up to 16 days postinfection (p.i.). At the indicated days, cell samples were fixed with glutaraldehyde (0.5% in phosphate-buffered saline [PBS] ) and stained with Giemsa (5% in PBS). Syncytia and viral foci were then scored under a binocular microscope. HIV production, titration, and infection of P4 indicator cells were performed as previously described (56) .
Analysis of human specimens. We identified four hunters from southern Cameroon infected by gorilla FV, likely through severe bites that occurred some 10 to 30 years ago (S. Calatini et al., manuscript in preparation). These four men were FV seropositive by Western blot analysis. High-molecular-weight DNA was extracted from buffy coats and analyzed by PCR for FV sequences. Informed oral consent to perform this analysis was obtained from each individual.
Animals. A colony of 57 Celebes macaques (Macaca tonkeana) (25) housed in the Strasbourg Primatology Center were investigated for the presence of simian FV infection. This colony was established from three animals originating from the central part of Sulawesi (Indonesia) and brought to the center in 1972. Since then, the animals have been maintained for ethological studies and isolated from other monkey species. The animals have never been infected with any biological material. Plasma samples were investigated for FV antibodies by a Western blot assay that uses a chimpanzee FV strain as viral antigens. Criteria for Western blot seropositivity were the presence of a clear reactivity to both FV Gag p68 and p72.
Virus isolation from naturally infected animals. Virus isolation was carried out with samples from animals showing a strong FV seropositivity. PBMCs were isolated; maintained for 2 days in RPMI medium containing 20% fetal calf serum, antibiotics, and phytohemagglutinin (3 g/ml); and further stimulated with interleukin 2 (100 U/ml). After 4 days of growth, PBMCs were cocultivated with BHK-21 cells. Cultures were checked daily for syncytial CPE typical of FV infection. The presence of FV in BHK-21 cells was verified by immunofluorescence analysis. Supernatants from infected BHK-21 cells were filtered (0.45-mpore-size filters) and frozen until further use.
Western blot analysis. At 24 h or 48 h after transfection, cells were lysed in PBS-1% NP-40 supplemented with protease inhibitors (Roche). Lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 4 to 12% NuPage gels (Invitrogen). The following antibodies were used: anti-FV rabbit serum and anti-Bet monoclonal antibodies (MAb) D11 (30), anti-HIV Gag p24 MAb (47) , and anti-V5 MAb (Invitrogen) to detect V5-tagged hA3G.
Detection of FV sequences by PCR. A fragment of the integrase gene of gorilla and macaque FV genomes was amplified by a nested procedure. To increase sensitivity and specificity, a hot-start PCR was performed for both amplifications. First-round primers for gorilla FV genome amplification were 5Ј CCTAAACA ATATACATATTATATRRAA and 5Ј AAGAAYATGYAAATATYYRTT 606 DELEBECQUE ET AL. J. VIROL.
GAG; for the second round, primers were 5Ј AAATAATTCCTYYYTCCTT ARAA and 5Ј ATGAAAAATTTATYAAAAGGYTTTYAA, where Y ϭ T/C and R ϭ A/G. First-round primers for macaque FV amplification were 5Ј CG GAGTTGCTACAARRACATWATCC and 5Ј YYTGTYATACYATCGACW ACTA, while primers 5Ј CGGTCTCTTCYAAGTATTRGTRGCCT and 5Ј TY GACTACTACAAGGACATGTAAAT were used for the second round. Hypermutated genomes were identified by differential DNA denaturation PCR (3DPCR) in a two-round procedure (61) . The first reaction involved standard amplification. The reaction parameters were 95°C for 5 min, followed by 35 cycles (each consisting of 95°C for 1 min, 45°C for 30 s, and 72°C for 30 s), and finally 10 min at 72°C for gorilla and macaque FV genomes. Differential amplification occurred in the second round by using the equivalent of 0. 
RESULTS
hA3G inhibits SFV replication. To study the effect of hA3G on FV infectivity, viral particles were produced by transfection of a FV provirus (clone 13) (32, 38) in 293T cells in the presence of increasing doses of an expression plasmid for hA3G. Viral infectivity was measured in a single-round assay of replication, based on the infection of BHK21-derived indicator cells containing a ␤-gal gene under the control of the FV LTR (FAB cells) (74) . Western blot analysis showed that hA3G did not significantly affect the production of Gag proteins, which appeared as a characteristic doublet at 72 and 68 kDa (Fig. 1A) . hA3G was detected with an expected apparent molecular mass of 46 kDa. A minor band of 23 kDa was also observed with anti-hA3G MAbs and likely corresponded to a natural degradation product of the deaminase (see below). Interestingly, hA3G markedly decreased FV infectivity (Fig.  1B) . The virus was very sensitive to this inhibitory effect, which was observed at low molar ratios of hA3G:FV expression plasmids (Fig. 1B) . We then examined whether the viral Bet protein interfered with hA3G effect. With this aim, we tested the susceptibility to hA3G of ⌬bet, an isogenic provirus carrying a premature stop codon in the bet open reading frame, leading to a C-terminal-truncated Bet protein (32, 50) . Viral production was similar for FV and ⌬bet, as judged by Gag expression (not shown), whereas the 62-kDa Bet protein was only detected in cells infected with the WT virus (Fig. 1C) . In the absence of hA3G, a small decrease of viral infectivity was detected with ⌬bet, compared to FV, as previously reported (Fig. 1C) (74) . hA3G efficiently inhibited ⌬bet, and a similar antiviral activity was observed against both viruses in a dose-response analysis of hA3G expression level (Fig. 1C) . Occasionally, when low levels of hA3G were present, we observed that WT FV was slightly more resistant to the cytidine deaminase than ⌬bet (Fig. 1C) . However, these differences were not significant (not shown). In comparison, hA3G potently inhibited HIV ⌬vif, and not WT HIV, whatever the levels of hA3G expressed (see Fig.  S1 in the supplemental material). This strongly suggests that Bet does not significantly counteract the activity of hA3G against the clone 13 FV strain. We extended this observation to other viral isolates. In clone 13 FV, a heterologous CMV promoter drives expression of viral proteins (32, 38) . We first examined whether hA3G was active against the infectious molecular clone pHSRV2, which includes its natural FV LTR promoter (52) . Again, transient expression of hA3G significantly inhibited HSRV2 infectivity (Fig. 1D) . We also studied the susceptibility of primary FV strains, isolated from naturally infected macaques (7) . To study the effect of hA3G, we compared viral spread in control HeLa cells and in HeLa cells stably expressing hA3G (HeLa-hA3G cells) (27) . In the later cells, production of HIV is Vif dependent (27; data not shown). Two primary isolates (T1FV and T2FV) were isolated from two different macaques and analyzed. In control HeLa cells, as previously reported (46), replication of T1FV occurred slowly, and syncytia were observed at day 6 p.i. and increased progressively in size and number over time ( Fig. 2A) . At day 16 p.i., about 1,200 syncytia/well were visible. Of note, the number of syncytia correlated with the viral input (Fig. 2B) . In HeLa-hA3G cells, the number of syncytia was greatly reduced. For instance, at day 16 p.i., according to the viral input, 50 to 200 syncytia/well were detected (Fig. 2B) . Similar results were obtained with the viral strain T2FV (not shown). Altogether, these results indicate that hA3G efficiently restricts SFV replication. This antiviral effect was observed with various viral isolates, with either single-cycle or multiple-round replication analyses, and with different cell types in which the deaminase was either transiently or stably expressed.
Absence of a Vif-like activity of Bet. That hA3G alters replication of various FV strains, including primary isolates and WT and ⌬bet clone 13 proviruses, strongly suggests that Bet does not neutralize hA3G activity. To confirm this point, we examined whether Bet, when expressed in the absence of other FV proteins, exhibits a Vif-like function on HIV replication. A Bet expression vector was cotransfected with WT HIV or HIV ⌬vif proviruses in the absence or presence of hA3G. Gag p24, Bet, and hA3G expression in transfected cells was verified by Western blot analysis (Fig. 3A) , while viral release was measured by a Gag p24 enzyme-linked immunosorbent assay (not shown). Gag p24 was similarly detected with WT HIV and HIV ⌬vif, with or without Bet. Interestingly, the steady-state levels of the hA3G 46-kDa species were greatly reduced in cells expressing WT HIV, compared to ⌬vif. This reduction was associated with an increase of the 23-kDa species (Fig. 3A) .
Therefore, Vif induces hA3G degradation and the accumulation of a 23-kDa degradative intermediate product. In contrast, the presence of Bet did not affect hA3G steady-state levels (Fig. 3A) . Infectivity of the HIV virions was then assessed with P4 indicator cells. As expected, in the absence of Bet, the infectivity of ⌬vif, but not that of WT HIV, was inhibited by hA3G (Fig. 3B) . Similar results were obtained when Bet was coexpressed (Fig. 3) and with various amounts of hA3G expression plasmid transfected (not shown). Therefore, Bet does not complement the ⌬vif defect. This observation, together with that of a similar antiviral activity of hA3G on WT and ⌬bet FV, indicates that Bet is not a functional analogue of Vif and does not efficiently counteract the antiviral activity of hA3G.
hA3G induces G-to-A mutations in SFV genome. We examined whether hA3G induces G-to-A substitutions in SFV genomic DNA. To this end, DNA from HeLa and HeLa-hA3G cells infected with T1FV or T2FV was prepared and amplified by PCR with FV-specific primers. The DNA products were cloned and sequenced. The sequences corresponding to a 166-bp fragment of the integrase gene, from 10 to 12 independent clones, are shown in Fig. 4 . In the absence of hA3G, very few substitutions were identified, none of which were G-to-A substitutions. In sharp contrast, in the presence of hA3G, numerous G-to-A substitutions were observed, both at day 6 (not shown) and day 16 (Fig. 4) postinfection. Deamination hotspots were visible, and GG dinucleotides were preferentially mutated (the substituted G being underlined) as expected (14, 18, 33, 39, 62, 72) . Thus, the antiviral activity of hA3G on FV is associated with editing of viral DNA.
Antiviral effect of other members of the APOBEC family. The ability of Vif to block the antiviral activity of APOBEC3G is species specific (6, 28, 40, 41, 53) . HIV and simian immunodeficiency virus (SIV) Vif block the APOBEC3G of the species from which they are derived but generally fail to inhibit those of other species. The FV clone 13 strain originated from a chimpanzee. We thus examined the sensitivity of FV to APOBEC3G from its natural host (CpzA3G). Interestingly, this molecule efficiently inhibited WT FV and ⌬bet (Fig. 5) , and no significant difference in the sensitivity of each virus was observed, even at lower CpzA3G:virus ratios (not shown). Therefore, FV is similarly susceptible to restriction by human and chimpanzee APOBEC3G.
The human APOBEC family includes activation-induced deaminase (AID), APOBEC1 (hA1), APOBEC2 (hA2), eight APOBEC3 (hA3A to hA3H), and APOBEC4 members (1, 19, 26) . The same genes expressing these proteins are found in chimpanzees and probably in other monkeys (19, 67) . In mice, only one APOBEC3 (mA3) gene is present, along with APOBEC1 (mA1) and APOBEC2 (mA2). hA3G was the first cytidine deaminase demonstrated to have antiviral activity. hA3F was then shown to be active against HIV and a target of Vif (2, 17, 33, 68, 77) . hA3B modestly affects HIV and SIV, whereas hA3C has antiviral activity only against SIV (2) (71). In parallel to hA3G, simian A3G and mA3 display a potent antiretroviral activity (6, 40, 41, 53, 70) . We have investigated the capacity of diverse APOBEC proteins to restrict FV replication. WT FV virus was produced in the presence of either AID, hA1, hA2, hA3B, hA3C, hA3F, hA3G, mA1, mA2, mA3, or AGM A3G and used in single-cycle assays of viral replication. We distinguished three groups of APOBEC proteins ac- cording to their anti-FV activity. The murine, AGM, and Cpz counterparts of hA3G potently inhibited FV infectivity, as was also the case for hA3F (Fig. 5) . The second group included hA3B, with only a modest antiviral effect of Ͻ50% of reduction of infectivity. The third group corresponded to noninhibitory proteins (AID, hA1, hA2, hA3C, mA1, and mA2). Of note, similar profiles were obtained with WT and ⌬bet FV (Fig. 5) , supporting the notion that none of the cytidine deaminases were significantly sensitive to Bet. Genetic analysis of naturally occurring FV isolates in macaques. SFV replication in animals is associated with a minimal genetic variation (57, 63) . Given the high susceptibility of FV to APOBEC restriction, we sought edited viral DNAs in naturally infected macaques. Uncultured PBMCs from seven FVseropositive animals were analyzed. Using a classical PCR approach of amplification and cloning, we did not detect significant differences when comparing a locus in the integrase gene within each of these animals (not shown). We then screened the same samples by using a sensitive PCR-based method, 3DPCR, capable of preferentially amplifying G-to-A hypermutated genomes present at a frequency at least 10
Ϫ4
(meaning 1 hypermutated sequence per 10,000 nonmutated genomes) (60, 61) This method relies on the fact that the DNA of an AT-rich variant melts at a slightly lower temperature than parental DNA. By lowering the denaturation temperature, edited genomes are selectively amplified (61) . A 425-bp DNA fragment corresponding to the integrase gene was first amplified at 95°C. A second round was performed with nested primers at lower denaturation temperatures until there was no product amplification. DNA from the last positive amplification was cloned and sequenced. As can be seen from the aligned sequences (see Fig. S1 in the supplemental material), animals were infected with two close FV strains, one that was found in four animals, whereas the other was detected in three monkeys. We were able to detect a low level of genetic heterogeneity among each macaque, reflecting the presence of minor variants. However, nothing encoding an excess of G-to-A substitutions, the hallmarks of APOBEC3-edited DNA, was found.
Genetic analysis of naturally occurring FV isolates in infected humans. Simian FV infection has been reported in a small number of humans exposed to monkeys, such as animal handlers and hunters (8, 22, 23, 69) . We examined the variability of FV sequences in such individuals. In the course of an epidemiological analysis of FV transmission to human populations in southern Cameroon (Calatini et al., manuscript in preparation), we identified four hunters infected by FVs from gorillas, likely through severe bites that occurred between 10 to 30 years ago. In these individuals, viral loads in PBMCs were particularly low, and a nested-PCR technique was required to amplify viral genetic material. Samples were screened by regular PCR and 3DPCR. The sequences, all closely related to known gorilla FV sequences, were aligned to the major sequence from each individual (Fig. 6) . Interestingly, we observed several G-to-A transitions in samples from these persons. Multiple mechanisms generate mutations and may explain this variability. However, we noticed that some of the mutations were in the GG and GA contexts, which may be compatible with the existence of an APOBEC3G or APOBEC3F activity that targeted the viruses in their hosts.
DISCUSSION
Nonhuman primates become infected by FVs as young adults, probably via saliva, but do not develop any evident pathology (36) . We demonstrate here that multiple APOBEC proteins have the capacity to restrict FV replication in cell culture experiments. hA3G protein efficiently inhibits replication of molecularly cloned viruses, as well as viral strains isolated from naturally infected animals, and edits their genomes. Murine (mA3) and simian (AgmA3G and CpzA3G) homologues are also potently active, as is hA3F. In contrast, hA3B displays a modest inhibitory effect, whereas other family members tested (AID, hA1, hA2, hA3C, mA1, and mA2) are not active against FV.
That some APOBEC proteins neutralize FV replication was not totally unexpected, due to their known activity on HIV, HBV, murine leukemia virus, and endogenous retroviruses (14, 58, 64) . However, not all retroviruses are sensitive to these enzymes, and species-specific antiviral activities of APOBEC proteins have been reported for HIV and murine leukemia virus (1, 19, 28, 41) . Our study revealed original features of the relations between FV and APOBEC. We show that these viruses are targeted by murine, simian, or human molecules, suggesting that there is no significant species-specific sensitivity of FVs to APOBEC.
Primate lentiviruses have evolved a viral protein, Vif, to degrade APOBECs and thus to overcome them (58, 76) . This is apparently not the case for FV, since primary isolates were restricted by hA3G. FVs possess various regulatory proteins, whose functions are not fully understood. It has been recently reported that Bet may counteract the antiviral activity of APOBEC (37, 49) . Using feline FVs, Löchelt et al. observed that Bet-deficient but not WT viruses are susceptible to feline APOBEC3 editing (37). Russell et al. reported that simian, human, and murine APOBEC3 proteins inhibit the infectivity of a simian FV-based viral vector (49) . A partial rescue of infectivity was observed when Bet was overexpressed in trans (in the presence of up to 12-fold-more Bet than APOBEC expression plasmids) (49) . Both reports concluded that FV Bet, in contrast to HIV Vif, does not induce APOBEC degradation. In both cases, experiments were performed in singlecycle assays of infectivity, using cloned viruses or viral vectors. We examined here whether Bet may act as a functional homologue of Vif. Several lines of evidence argue against this hypothesis. First, WT and ⌬bet isogenic strains appeared to be similarly sensitive to the inhibitory effect of hA3G and other deaminases. Second, Bet was unable to rescue Vif-defective HIV infectivity in the presence of hA3G. Third, naturally occurring viral isolates were sensitive to hA3G. Differences between these two reports and our own experiments may be due to the use of different FV strains, to the relative levels of expression in APOBEC and viral proteins, and to infectivity assays. To reconcile both views, it seems that Bet, when overexpressed, might bind APOBEC3, without inducing its degradation, thus exhibiting a protective effect only when small amounts of cytidine deaminase are present within the cell. Moreover, although we cannot formally rule out that all FV strains tested in our study carry defective Bet proteins, our results suggest that FVs are not equipped with a protein whose task would be to efficiently neutralize APOBEC proteins.
What might then be the strategy of FVs to escape this antiviral barrier and to persist in their hosts? Like endogenous retroviruses, FVs are able to retrotranspose within the infected cell (20, 21) . However, it is unlikely that this mode of propagation provides a means to escape neutralization by cytidine deaminases, since murine and human APOBEC molecules potently inhibit retrotransposition of endogenous retroviruses (13, 14, 54) .
One clue may reside in the low viral loads observed in infected animals, which suggest that FVs replicate at only low levels in vivo. A significant diversity is observed among FVs VOL. 80, 2006 FOAMY VIRUS RESTRICTION BY APOBEC CYTIDINE DEAMINASES 611 from different simian species, suggesting that cross-species infection was associated with adaptative changes (7, 15) . However, within each monkey species, viral persistence is associated with strong genetic stability. "Molecular clock" analysis revealed an extremely low rate of SFV evolution (63) . A longterm longitudinal study of infected African green monkeys revealed high homology (Ͼ99.5%) within the env gene (57) . Our study extends these findings. We did not detect any significant nucleotide diversity in the predominant viral sequences isolated from seven naturally infected animals. Furthermore, no hyperedited viral genomes were detected in PBMC DNA. The absence of imprints of an APOBEC activity may seem paradoxical at first sight. However, it is possible that hypermutated, defective genomes are counterselected and thus below detection thresholds in the low viral loads obtained from PBMC samples. It will be worth looking for such mutated genomes in other tissues or fluids (saliva, plasma) where FVs may replicate more actively. The viral reservoir of FV in vivo is not known, but one can also hypothesize that this virus replicates essentially in APOBEC-negative cells or that the restriction is not absolute in some APOBEC-positive cells. On the other hand, editing-independent antiviral effects of APOBEC have been previously described (9, 45) and may also be operative in FV-infected primates, lowering viral loads. The sensitivity of a given retrovirus to APOBEC proteins also likely depends on its kinetics of replication in vivo. The lifestyle of FVs, characterized by small amounts of replicative cycles, may facilitate escape from cytidine deaminases. A small fraction (Ͻ2%) of humans in contact with monkeys are infected by FVs (8, 22, 23, 69) . Therefore, FVs are actively crossing into human populations, despite the presence of APOBEC proteins. However, viral loads are extremely low in infected humans: a sensitive nested-PCR method is required to isolate FV sequences from blood, and no virus has been detected in the saliva (23) . Consistently, no secondary human infections have been reported so far, despite decades of human infection by SFVs (23) . We have analyzed here viral sequences from four humans infected by gorilla FVs. We report the presence of a few viral genomes bearing G-to-A substitutions in these individuals. Numerous mechanisms may explain the presence of these mutants (for example, natural polymorphism of the viral strains, reverse transcriptase errors, and genome editing). As for monkeys, it is possible that heavily mutated and hence defective genomes are constantly counterselected. It is thus tempting to speculate that in FV-infected humans and monkeys, APOBEC family members are involved in the control of viral spread.
